Introduction
Uranium is known for its chemical and radiological toxicity after acute exposure. But there is little evidence on the adverse health effects and particularly on the carcinogenic potential of protracted uranium exposure. Cohort studies of workers in the nuclear industry stand out from all other epidemiological studies carried out at the work place owing to the accuracy of the available exposure data.
However, these data are often restricted to external radiation exposure (X-and gamma rays, beta particles or neutrons) for which external dosimetry became systematic for potentially exposed workers as of the early 1950s. Through this monitoring, epidemiologists can use personal irradiation data to determine the risks of occurrence of cancer or non-tumorous pathologies as a function of total received dose during professional life ( ; ; ; ; Cardis et al., 2007 Cardis et al., 2005 Guseva Canu et al., 2008c Rogel et al., 2005 Telle-Lamberton et al., 2004 Some tools have been developed to overcome these difficulties and some of them take into account some forms of radiation exposure ( ; ; ; ; , ; ; Boice et al., 2006 Carpenter et al., 1987 Carpenter et al., 1988 Eheman et al., 1999 Krishnadasan et al., 2007 2008 Ritz, 1999 ; ; ; ; ; ) . One al., 2000 Ritz et al., 1999 Ritz et al., 2006 Rooney et al., 1993 Ruttenber et al., 2001a Ruttenber et al., 2001b Wing et al., 1993 such tool is the Job Exposure Matrix (JEM), which is based on a definition of jobs and the related forms of exposure and includes an assessment of exposure levels ( ; ). The JEM has sometimes been used in the nuclear field and has provided Goldberg et al., 1993 Hoar, 1983 initial data on some groups of workers ( ; ; ; ; Boice et al., 2006 Carpenter et al., 1988 Eheman et al., 1999 Henn et al., 2007 ; ; ; ; ; ; al., 2007 2008 Ritz, 1999 Ritz et al., 2000 Ritz et al., 1999 Rooney et al., 1993 Ruttenber et al., 2001a Ruttenber et al., 2001b . Publications, however, rarely develop information on how these matrices are built or on exposure results, even though such et al., 1993 information is crucial for a clear understanding of the environment under study or for a correct interpretation of analysis results. Analysis of the literature ( ; ; ; ; , ; Boice et al., 2006 Carpenter et al., 1988 Eheman et al., 1999 Henn et al., 2007 Krishnadasan et al., 2007 2008  ; ; ; ; ; ) (see 1999 Ritz et al., 2000 Ritz et al., 1999 Rooney et al., 1993 Ruttenber et al., 2001a Ruttenber et al., 2001b Wing et al., 1993 summary in ) shows that there are only a few matrices limited to the description of two or three types of exposure that are Table 1 --relatively well described and that provide more precise exposure indicators based on measurement data or allow an estimation of cumulated exposure. These are not exhaustive, however, and exclude other types of exposure also found in the workers occupational ' environment.
The objective of this study is to investigate exhaustively the exposure to different occupational pollutants at the main uranium conversion plant in France.
Material and methods
The AREVA NC uranium conversion plant in Pierrelatte
The AREVA NC plant in Pierrelatte is located in the south-east of France. It occupies a nuclear production site originally created by the CEA (the French atomic energy commission) in 1960, with a view to building a uranium isotope separation facility for making weapons-grade uranium. The (COGEMA, which became AREVA NC in May 2006) has Compagnie G n rate des Mati res Atomiques é é é been enriching and converting uranium for industrial use since 1976. It is made up of several production facilities, support and maintenance facilities and storage areas. Each facility consists of one or more units and carries out an independent and specific uranium processing activity. shows how various successive activities have been carried out on the site over the years. Figure 1 
Specific Job Exposure Matrix (JEM) elaboration
The overall procedure is described in . Exposure to uranium-bearing and other chemical compounds used on the site was figure 2 assessed retrospectively, applying a special JEM methodology recently developed for the French nuclear industry (Guseva Canu et al.,
). As part of this method, experts in the site s past and present activities define jobs and types of exposure, while certain workers who 2008b ' have performed the different jobs assess exposure levels. For elaborating the AREVA NC Pierrelatte JEM we invited 13 experts coming from different scientific areas. This variety of specialists ensured that all the jobs at the facility and the related exposure factors were covered, while taking into consideration changes affecting the company, technological processes used, past and present working conditions and the work organisation for each of the plant s facilities.
selected from the company retiree records. Respondents answers were voluntary and anonymous. Information was gathered from ' respondents using a standardised questionnaire. Each respondent was asked to assess only job-period pairs with which he was personally familiar. Exposure was assessed on the basis of a semi-quantitative estimation of two exposure indicators for each job-period pair:
frequency of exposure to a product and the quantity of product that the worker handled. A four-level scale was used to estimate exposure frequency (0 never, l rarely, 2 occasionally and 3 frequently) and the quantity of product that the worker was handling at the time of
exposure (0 none, l negligible, 2 moderate and 3 significant). The final frequency and quantity scores were determined according to
statistical criteria ( ). The purpose of the first statistical examination of the scores was to identify any divergent Guseva Canu et al., 2008b " " respondents whose opinion differed from that of the majority of the group concerning a position occupied for a certain period of time and who gave extreme scores for a whole series of exposure agents. The scores given by such respondents were eliminated. The second " " statistical examination was aimed at eliminating distributions that did not lead to an acceptable final score. These included distributions with a standard deviation of at least 1.5, reflecting too wide a range of opinions, and bi-or multimodal distributions, pointing to the existence of two or more groups of diverging opinion. All the other distributions were accepted and the final scores selected were the arithmetical means rounded up or down to the nearest whole number. The experts examined the distributions of rejected scores during the arbitration session and reached a consensus on a final pass score for each job-period pair.
Validation
In order to validate the JEM, the experts within the facility examined all the results in light of the changes in each job over time and in relation to all the different jobs. An expert from outside AREVA NC compared the results with exposure data in other comparable nuclear facilities. In addition, exposure results from the matrix were compared for validation purposes with results found in the medical records of a random representative sample of workers (1 of the worker population). These records contain job/exposure agent sheets that describe % exposure factors known for their toxic effects that are subject to monitoring regulations. They do not, however, include quantitative data on forms of exposure other than irradiation and validation only focuses on a qualitative aspect, identifying exposure factors common to the JEM and job/exposure agent descriptions. A dichotomous variable (exposed/unexposed) was used for all periods and all exposure factors 
Estimation of cumulated exposure and co-exposure
The following equation was used to calculate the individual cumulated exposure score for each type of exposure across all jobs of worker s career at the AREVA NC Pierrelatte plant.
'
Where represents the individual cumulated exposure to an exposure agent E A A.
For the job (j 1 to 73) during the period of stable exposure , represents the frequency of exposure to the agent , is the j = p j F Ajp A Q jp quantity of product that the worker handled during exposure to the agent and is the duration (in years) of the employment in the A D jp job-period . jp
The existence of co-exposures and possible correlations between exposure to uranium-bearing compounds and other types of exposure was examined using Spearman s rho correlation coefficient ( ), using Bonferroni adjustment for multiple comparisons.
' Spearman, 1904 Cohen s criteria ( ) were used for interpreting correlation results.
Cohen, 1988
Results

JEM structure
All the exposure agents are shown in . Radiological exposure through internal contamination has been broken down into Table 2 several factors based on two criteria: 1) the purity of uranium, to make a distinction between compounds derived from natural uranium (NU) and those derived from reprocessed uranium (RPU), which contain traces of fission products, and 2) transferability of uranium effect on internal contamination by uranium, for it increases respiratory ventilation and the permeability of the body s biological tissue and ' alters the deposition of uranium particles taken in via the respiratory tract ( ). ICRP, 1994
Job-period pairs correspond to job exposure matrix rows
For each facility, jobs were distinguished for workers and operators in manufacturing and operating jobs, uranium handlers, mechanical maintenance technicians, electrical maintenance technicians, electronic maintenance technicians, supervisors, physical-chemical analysts and so on. Additional distinction of jobs according to working hours was performed to discriminate jobs with fixed working hours and jobs with work in shift (i.e. eight hour shift). In total, seventy-three jobs were distinguished. These jobs were then divided into 232 job-period pairs where exposure was assumed as stable. This distinction was performed on the basis of knowledge of technical and strategic changes in the activity of each facility (see ). Most jobs (59 , i.e. 43 jobs from 73) were divided into four Figure 1 % operational periods of 11.5 years in average and median duration of 10 years. Between 1960 and 2006, 22 jobs (30 ) concerned with % -uranium industrial chemistry for the most part were operational for two periods after they were started in 1982 or 1984. Four jobs, i.e. 5.5 -, went through three operational periods until the gaseous diffusion plant was decommissioned in 1996, while four more recently created % jobs were not divided into any particular operational period.
Assessment results
In all, 353 workers took part in the assessment of job-period pairs: 182 active workers out of the 182 contacted and 171 retired workers out of the 550 contacted. This distribution matches the distribution of the plant s pay roll and accounts for more than 10 of the 
Validation results
Expert examination of assessment results showed the JEM to be satisfactory in terms of internal and external consistency. It was found to be a true reflection of actual known exposure levels at different periods of the plant s history and, more generally, throughout the analysts involved in routine lab analyses (frequency l, quantity l).
= =
The comparison of matrix exposure data with data from the workers medical files used as a reference provided further validation, the ' results of which are shown in . For the purposes of comparison, agreement between the two data sources was estimated by actual Table 3 observation and the Kappa coefficient. The Kappa values were interpreted according to ( ). As far as exposure to Landis et al., 1977 uranium-bearing products is concerned, matrix data show very good agreement (Kappa 0.83) with medical file data. There is less 
Exposure results
The descriptive statistics of individual cumulative exposure for each category of exposure agent are summarised in and Table 2 Figure .
Many jobs concentrate several exposure factors at the same time.
shows the jobs with the greatest exposure, showing only those 3 Table 4 jobs that have accumulated the highest exposure levels to more than three categories of exposure agent. The study of these cases of co-exposure reveals many correlations between exposure to uranium-bearing compounds and other types of exposure. reveals a Table 5 highly significant (p<0.0001) positive correlation between exposure to NUf compounds and exposure to heat. This reflects industrial reality and confirms the hypothesis that the two types of exposure behave synergistically. Other strong correlations can be seen for exposure to NUf and NUm compounds, in particular with the exposure to trichloroethylene, fluorinated and nitrated products and solvents.
Correlations between exposure to uranium-bearing compounds derived from reprocessing uranium (RPU) and NUm compounds and exposure to refractory ceramic fibres are also significant. Chlorinated and fluorinated products are high on the list of chemicals. There is a inserm-00341634, version 1 -25 Nov 2008 strong mutual correlation between both these types of exposure. Exposure to chromates is the least common among exposure agents as a whole as well as among fibres, particles, vapours and fumes. Exposure to chromates concerns three jobs, all at the physical-chemical analysis laboratory. Asbestos, glass wool and rock wool are characteristically found in around 50 of jobs. Asbestos exposure correlates % with exposure to TCE and other chlorinated products, whereas exposure to glass wool and rock wool correlates with exposure to solvents and welding fumes (data not shown).
Discussion
Validity of study
In order to estimate exposure to uranium-bearing products and other types of product used at the AREVANC Pierrelatte plant between 1960 and 2006, a period-and site-specific JEM was created. In this matrix, exposure to chemical products or particles, such as metal dust or fibres, was estimated with the same degree of accuracy as exposure to uranium, the chief exposure agent. The JEM method has been widely discussed already ( ; ; ; ; ). Goldberg et al., 1993 Guseva Canu et al., 2008b Hoar, 1983 T. Kauppinen et al., 1998 T.P. Kauppinen, 1994 Compared with other studies that have developed JEMs for nuclear workers ( ; ; Boice et al., 2006 Carpenter et al., 1987 ; ; ,, ; ; ; ; 1988 Eheman et al., 1999 Henn et al., 2007 Krishnadasan et al., 2007 2008 Ritz, 1999 Ritz et al., 2000 Ritz et al., 1999  ; ; ) ( ), this study drew largely on the opinions of a al. , 1993 Ruttenber et al., 2001a Ruttenber et al., 2001b Wing et al., 1993 Table 1 multidisciplinary expert committee and an exposure assessment based on workers knowledge. Any bias related to self-declaration was ' controlled through the participation of 353 respondents and expert validation of final scores. The use of a standardised questionnaire for data collection limited any respondent-related bias. Lastly, information was statistically processed to reduce the subjectivity of the respondents answers and obtain a group statistical response. A large number of jobs was discriminated (73 jobs Administrative
employee with no dosimetric film job, considered as not exposed). These jobs were defined on the basis of functions or tasks carried out " by the employees as part of their work and at each facility. This discrimination improves the accuracy of the JEM and increases its specificity ( ; T. ) to take into account all the exposure characteristics specific to the various jobs. Benke et al., 2000 Kauppinen et al., 1998 Exhaustive nature of the JEM In addition to uranium-bearing compounds, the exposure agents studied include all chemicals classified as carcinogenic, mutagenic or toxic to reproduction ( ), as well as physical factors considered relevant to the study. et al., 2001b Rooney et al., 1993 Carpenter et al., 1988 Krishnadasan et al., 2007 Ritz, 1999 ; ), which have been described as exposure agents in workers in the nuclear sector, were Ruttenber et al., 2001a Ruttenber et al., 2001b excluded from our JEM, either because they were never used at the plant or because their use entailed no risk of exposure. Cadmium, for example, which is classified as a category 2 carcinogen in its powder form ( ), is found on the Pierrelatte site as stainless-steel EC, 2004 covered plates in annular tanks used as a neutron moderator for uranium waste. In its bulk form, cadmium presents no risk of exposure through inhalation of fumes or dust. It is never in contact with acids and therefore never gives off any toxic gases.
Exposure results at the Pierrelatte plant: strong points and limits
Despite its semi-quantitative basis the JEM allows computing of individual cumulative exposure score for each pollutant across time.
It is suitable for chronic exposure to low doses of products but does not take into account cases of accidental exposure. These are listed in the archives for direct consultation and analysis.
Validation results showed that the exposure coding by the JEM seems to be a good reflection of known types of exposure over the plant s various periods of activity. That is especially true for exposure to uranium-bearing compounds, as confirmed by the results of a ' comparison to check agreement between JEM data and medical record data. Medical surveillance is strictly regulated for the chemoand/or radiotoxic effects of these known products. The toxic effects of asbestos, rock and glass wools and certain chemicals, however, have long been overlooked and exposure to these products was not subject to regular surveillance by occupational medicine specialists.
The first inventory of asbestos in the plant, for example, only dates back to 1997. These products are scored less systematically in job and exposure agent sheets, which probably explains the agreement between results. For this reason, medical files do not represent a sufficient source of data for estimating low-level protracted exposure to chemicals and to physical exposure agents in worker cohorts with multiple exposures. The JEM provides more accurate and comprehensive information than the plant s personnel medical records.
'
The exhaustive nature of the JEM highlights the relative significance of exposure to various agents ( ). It was thus confirmed Figure 3 that the main type of exposure at the plant is to uranium-bearing compounds, derived mostly from soluble natural uranium. The subdivision of uranium-bearing compounds according to their solubility is an important factor, for it governs the distribution of uranium in the body and its toxic effects. It is through this degree of precision that the JEM reveals that workers involved in processing soluble compounds are co-exposed to heat. This shows that heat must be considered as a synergistic factor in contamination by soluble uranium
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and should be included as such in analyses. To the best of our knowledge, no previous study has ever taken this factor into account in estimating the risk of exposure to uranium and its effects. The same is true for exposure to mercury vapours, ceramic fibers, and fluorinated products, which are the chemicals with the strongest correlation with exposure to medium-soluble uranium-bearing compounds.
It is difficult to compare these results with those of other, similar studies because few studies give any exposure results. The rare studies that have developed their exposure results in the nuclear sector are those using measurement data ( ; Eheman et al., 1999 ;  ). In addition, exposure results can only be compared if the industrial processes used are Krishnadasan et al., 2007 Ruttenber et al., 2001b comparable. The Pierrelatte plant is the only plant that produces and markets recycled chemicals. Some of its processes, however, may be common to other plants in France and abroad and could be compared with them. For example, in order to describe exposure to the ten chemicals associated with exposure to ionising radiation, Ruttenber et al. ( ) used the average annual exposure values Ruttenber et al., 2001b available for similar processes to those used at the Rocky Flats plant. It is nonetheless regrettable that the authors neither quote these processes nor specify the source of instrument measurement data they use.
The lack of usable instrument measurement data was a major obstacle of this study. Routine job monitoring carried out at the plant does not provide reliable quantitative information, as its purpose is to ensure that workers remain within radiation protection limits and 
Conclusion and perspectives
Despite the predominant natural uranium compounds exposure, the amount of exposure to other pollutants, such as TCE and asbestos, known as carcinogenic, mutagenic or toxic is important at the plant. Numerous correlations detected between uranium compounds exposure and exposure to chemicals warrants improving workstation monitoring at the plant and biological monitoring of exposed workers. Moreover, these results demonstrate the need to take into account associated exposures in epidemiological studies, especially where carcinogenic effects of protracted uranium exposure are addressed. Results of this study will be applied to further investigation of association between exposure and mortality among uranium conversion workers in France. 
